ABSTRACT
INTRODUCTION
Changes in gene expression are central to most alterations in cellular functions, yet our current means of measuring transcriptional changes in live cells are limited. Mostly indirect measurements of reporter protein levels are used to monitor transcriptional activity. The use of fluorescent reporter proteins allows live-cell imaging, but all protein reporter systems include a significant lag in time between transcriptional initiation and protein appearance (1) . Also, the expressed proteins are long-lived and can be toxic or alter behavior of the cells in which they accumulate (2) (3) (4) (5) . Ribonucleic acid (RNA) reporters can provide a more timely detection of changes in transcription in living cells and leave a smaller footprint on cellular functions.
Two types of transcription reporter systems using RNA elements have, so far, been shown to function in living cells. One utilizes a repeated segment of the bacteriophage RNA protein binding domains and protein-GFP (green fluorescent protein) fusion proteins (such as MS2-GFP) for imaging (6) (7) (8) (9) . Sensitivity in these systems is limited by the high background fluorescence of the fluorescent fusion proteins, and thus they require sophisticated image analysis to separate the true signal from background noise. To solve this problem, transcription reporters have been developed that bring together split GFPs linked with two different RNAbinding proteins (9, 10) . However, all methods for monitoring transcription based on protein reporters require that the host cells constitutively express one or more reporter proteins as well as the tagged target RNA, thus limiting their potential application to a broad range of cell types. This is because of the required genetic manipulation, which can result in loss of differentiated functions, particularly of mammalian cells and because the expressed proteins are longlived and can be toxic to the cells that express them (2) (3) (4) (5) . The second RNA-based reporter, referred to as Spinach (11) , creates a signal by promoting the fluorescence of a GFP fluorophore mimic. We find that this RNA reporter is useful for imaging the transcription products of RNA polymerase III, but is not sufficiently sensitive to enable detection of the lower abundance RNA polymerase II-derived messenger RNAs (mRNAs).
e90 Nucleic Acids Research, 2014, Vol. 42, No. 11 PAGE 2 OF 9 Here we describe an RNA-based reporter, which we call IMAGEtags (Intracellular MultiAptamer GEnetic tags), for imaging polymerase II transcriptional activity in live cells. The IMAGEtags (strings of RNA aptamers) recognize exogenously supplied fluorescent ligands. Increased sensitivity compared with Spinach was achieved by utilizing a Förster resonance energy transfer (FRET) signal for recognition of the aptamer presence. To demonstrate the applicability of this method, we have visualized GAL1, ACT1 and ADH1 promoter activities using IMAGEtags in living yeast cells. This new RNA reporter system enables live-cell imaging of newly transcribed mRNA in response to changes in promoter activity.
MATERIALS AND METHODS

Solutions and reagents
Buffer IC (13.5-mM NaCl, 150-mM KCl, 0.22-mM Na 2 HPO 4 , 0.44-mM KH 2 PO 4 , 100-M MgSO 4 , 120-nM CaCl 2 , 120-M MgCl 2 , 20-mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.3 at 24
• C), which was formulated to approximate intracellular pH and cation concentrations based on literature reports for these values (12) (13) (14) (15) (16) , was used to determine binding constants of various aptamer-ligand interactions. Tris buffered saline (TBS: 50-mM Tris-HCl, 150-mM NaCl and pH 7.6) was used in yeast cell imaging studies. Chemical syntheses of ligands and the properties of the synthetic products are found in the Supplementary material (including Supplementary Figures S1-S3 ).
Yeast and plasmids
Saccharomyces cerevisiae (BY4735, Genotype:
MAT␣ade2 ::hisGhis3 200leu2delta0 met15 0trp1 63ura3 0) was cultured in YPD medium (Yeast extract-peptone-dextrose medium). The yeast expression plasmid, pYES2, is a yeast 2-m plasmid carrying a URA3 marker and a GAL1 promoter for galactose inducible gene expression in S. cerevisiae. The pYES2 plasmid was modified to express IMAGEtag reporter RNAs consisting of a series of tandem aptamers (Supplementary Figure S4) with specificities for 2- Figure S5) . The IMAGEtag sequences were inserted after the GAL1 promoter and a transcriptional start site (sequences in Supplementary Table S2). The GAL1 promoter was replaced with the ACT1 or ADH1 promoters from yeast to generate expression constructs with the 6xPDC IMAGEtags downstream from these constitutive promoters. Plasmids with IMAGEtag reporters were transformed into BY4735 using the Lazy Bones yeast transformation method and selection on SD (synthetic dropout) minus uracil (SD−uracil) plates (18) . The IMAGEtags are identified by the number of aptamers per string and the identity of the aptamer in the IMAGEtag. For example, the 5xTOB IMAGEtag contains five tobramycin aptamers each separated by a 4-nucleotide (A 4 ) linker and the 6xPDC IMAGEtag contains six PDC aptamers separated by a 4-nucleotide (A 4 ) linker.
FRET image acquisition and analysis
For FRET analysis by sensitized emission, yeast cells were cultured in SD−uracil medium overnight with either 2% glucose or 2% raffinose. The cells were then induced with SD−uracil medium containing 2% galactose and 1% raffinose for the induction period and incubated with the Cy3-and Cy5-modified ligands. Cells were either washed once with TBS or washed and resuspended in SD−uracil with 2% galactose and 1% raffinose. A 30-l volume was placed on a poly L-lysine-coated cover glass or a poly D-lysinecoated glass bottom culture dish (MatTek). The cells were observed using a Nikon Eclipse 200 or Leica SP5X laser scanning confocal microscope with a 63X objective and immersion oil. Cells were excited by a 568-nm Argon/Krypton laser (Nikon) or a 550-nm (for Cy3); 650-nm (for Cy5) white light laser (WLL, Leica) and images were taken to measure sensitized emission using emission filters for FRET of 700-750 nm (TOB IMAGEtags; Nikon) or 660-710 nm (TOB IMAGEtags; Leica)/660-754 (6xPDC IMAGEtags; Leica) nm for the Cy5 acceptor and 560-626 nm for the Cy3 donor. To quantify the FRET signals from sensitized emission, the mean fluorescence intensities from the cells were determined by summing through the Z stack to provide pixel volumes (relative intensities). The mean fluorescence intensities for the donor and sensitized emission of the acceptor were calculated by the Leica LAS AF Lite software as (Pixel volumes)/(Pixel count). FRET was determined by normalizing the sensitized emission to the donor emission (FRET = F FRET /F donor ). Quantification was also done using the formula FRET = (B−A·b−c·C)/C, where B is FRET emission, A is donor emission, b is donor emission cross talk ratio (B in donor only sample/A in donor only sample), c is acceptor excitation crosstalk (B in acceptor only sample/C in acceptor only sample), ratio, C is acceptor emission (19) . This latter calculation is most appropriate for application to cell studies because variations in intracellular concentrations of the two dye-labeled ligands are accounted for separately in the formula.
For FRET analysis by acceptor photobleaching, cells were grown in SD−uracil containing 2% galactose for a 30-min induction period and then incubated together with a mixture of 25 M each of Cy3-and Cy5-tobramycin or 20 M each of Cy3-and Cy5-PDC in SD−uracil containing 2% galactose. These concentrations and the ratios of donor to acceptor were also varied between experiments to achieve equal intracellular levels of both. For experiments in which the concentrations were different from those described here, the concentrations of ligands are stated in the legend to the figure. The cells were washed once with TBS and placed on a poly d-lysine-coated glass bottom culture dish. Acceptor bleaching was performed with a Leica SP5X laser scanning confocal microscope using the FRET acceptor bleaching wizard. Prebleach and postbleach images were taken serially with excitation of 550 nm of WLL with lower laser intensity and filters of 560-640 nm (5xTOB IMAGEtags) or 560-626 nm (6xPDC IMAGEtags) for collecting Cy3 emission and 660-710 nm (5xTOB IMAGEtags) or 660-754 nm (6xPDC IMAGEtags) for Cy5 emission. The acceptor was bleached with high laser intensity at 650 nm of WLL. The fluorescence intensities of the donor prebleach 
Quantitative analysis of IMAGEtag transcripts by RT-qPCR
Steady-state levels of mRNAs were analyzed by quantitative reverse transcriptase-polymerase chain reaction (RTqPCR). Yeast RNA was extracted by phenol chloroform using glass beads (21) . Cells were harvested in 0.6 ml of RNA extraction buffer (10-mM ethylenediaminetetraacetic acid, 50-mM Tris-HCl pH 7.5, 0.1-M NaCl, 5% sodium dodecyl sulphate) and 0.6 ml of phenol:chloroform:isoamyl alcohol (49.5:49.5:1). After 6-min incubation at room temperature, ∼0.2 g of glass beads (0.45-mm diameter) was added and the cells were lysed by vigorous agitation for 2 min. Following centrifugation, the aqueous phase was collected; the RNA was precipitated by ethanol, dissolved in water and then treated with RNase-free DNase I (1 U/ml, Invitrogen) at 24
• C for 15 min to remove traces of genomic deoxyribonucleic acid (DNA). One microgram of RNA was transcribed to create cDNA using the SuperScript III reverse transcriptase (Invitrogen) and oligo-dT as a primer in a final volume of 20 l. After reverse transcription, 2 l of a 1:2-diluted cDNA was used as a template for qPCR with SYBRgreen (Invitrogen) and Taq polymerase (New England BioLabs) into a final volume of 15 l in the Opticon (Bio-Rad). The forward 4659 (AAGCTTAAAAATTTCGAGCATG-CATCT) and reverse 4657 (CCTAGACTTCAGGTTGTC-TAACTCC) primers were located outside the IMAGEtag sequences. The levels of galactokinase mRNA, the endogenous positive control for activity of the GAL1 promoter, were determined by PCR amplification with the forward primer 4654 (TTTGATATGCTTTGC GCCGTC) and the reverse primer 4655 (AGTCCGACACAGAAG-GATCAATT). The IMAGEtag and galactokinase RNA expression levels were normalized to the ACT1 mRNA levels, which were determined in the same samples using the forward and reverse primers 4609 (ATTCTGAGGTTGCT-GCTTT) and 4610 (GTCCCAGTTGGTGACAATAC), respectively. The PCR thermal cycling conditions were 5-min denaturation at 94
• C; 40 cycles at 94
• C for 15 s, 60
• C for 15 s and 72
• C for 15 s.
RESULTS
Basic strategy
Our strategy for measuring promoter activity in real-time and in vivo involves the use of strings of repeated RNA aptamers (IMAGEtags) that are inserted either as a synthetic coding region after a promoter of choice for plasmidbased expression or into an endogenous gene to form a fusion transcript ( Figure 1 ). Two forms of fluorescent ligands, which constitute a FRET pair, are exogenously provided that enter the cells by passive diffusion. Binding of fluorescent ligands by the transcribed IMAGEtags is observed by way of an increased FRET signal that results from the close proximity of Cy3-and Cy5-linked aptamer ligands while they are bound to the IMAGEtags. In these studies, Cy3- 
IMAGEtags specifically detected by FRET
Aptamers that recognize either tobramycin or PDC and derivatives (structures in Supplementary Figures S1-S3) were used in the IMAGEtag format in reporter RNAs under the control of the GAL1 promoter. In all instances when the appropriate ligands were used to visualize the expressed IMAGEtags, FRET images were obtained during the 30-80-min period after inducing the promoter with galactose (Figure 2) . The number of aptamers in a string is flexible with cells expressing IMAGEtags of 5, 10 and 14 tobramycin aptamers or six PDC aptamers all giving FRET signals higher than the control RNA with no aptamers. Reduced FRET emission, such as observed in Figure 2A for the 14xTOB IMAGEtags, was associated with lower IMAGEtag RNA expression levels ( Figure 2C tags or the control RNA ( Figure 2D ). Steady-state RNA levels measured in the same cell populations for the 6xPDC IMAGEtags, 5xTOB IMAGEtags and control RNA were not correlated with the strength of the FRET signals, thus pointing to the RNA-ligand interaction as the dominant factor contributing to the FRET image ( Figure 2B and D) . In all instances, RNA expression was quantified for the control and IMAGEtag RNAs ( Figure 2C and E).
Cell to cell variability of promoter activity
To evaluate the cell to cell variability of Pol II promoter activity in living cells, we used IMAGEtags as reporters from three promoters: GAL1, ACT1 and ADH1. FRET signals in individual cells were quantified with time after induction of the GAL1 promoter and compared with the IMAGEtag RNA levels in the same cell populations ( Figure 3A-C) . Yeast cells expressing the control RNA containing no IMAGEtags ( Figure 3A ) or 6xPDC IMAGEtags ( Figure 3B ) were induced for different time periods and the FRET signal was measured in individual cells. There was a large variation in the range of individual cellular FRET signals at each time point under these conditions of preculture in glucose. However, the average increase in FRET, which represents the ensemble of induced cells, was proportional to the increase in IMAGEtag RNA level of the population measured by RT-qPCR ( Figure 3A and B) . This result indicates that the sampling of cells for FRET in these experiments was representative of the population and is consistent with the conclusion that the observed FRET is due to newly synthesized IMAGEtag RNA. Unlike for the IMAGEtags, the average FRET output of the control population did not increase in parallel with the mRNA content of the cell population. At each time point, the average FRET output from cells expressing the 6xPDC IMAGEtags was significantly higher than from cells expressing the control RNA (P < 0.001). The ability of IMAGEtags to detect the activity of two constitutive promoters, ACT1 and ADH1, was also tested ( Figure 3E ). The statistical significance of these results is reflected in the low P values that vary from 10 −4 to 10 −10 . The larger variation of FRET signal from individual cells when the promoter was GAL1 ( Figure 3A -C) was associated with an experimental design in which the cells were taken directly from a glucose containing medium to one with galactose replacing glucose. The GAL1 promoter is not activated until the intracellular glucose is depleted. The cell to cell variation in time to depletion of intracellular glucose may be the basis for larger variations in cell response in this experimental design compared with others. In experiments where the cells were first cultured in raffinose to allow glucose depletion, the variations in FRET signals were much smaller with an average coefficient of variation of 15% from the compiled results from seven conditions of groups of 11-21 cells (Supplementary Figure S14) .
Although FRET has the advantage of greater sensitivity due to improved signal/noise, it must be validated for potential artifacts such as bleed-through of the donor signal. Photobleaching the acceptor prevents energy transfer between donor and acceptor with a resulting increase in donor fluorescence intensity (fluorescence dequenching) that is not observed in the absence of FRET. Acceptor photobleaching was performed with cells expressing 5xTOB or 6xPDC IMAGEtags or the control RNA ( Figure 3D ). The donor fluorescence intensity was observed to selectively increase in the IMAGEtag expressing cells after acceptor photobleaching and the calculated FRET efficiency was higher in IMAGEtag expressing cells than control cells.
Real-time measurement of promoter activity
The ability of the IMAGEtags to report changes in gene expression in real time was evaluated by tracking the sensitized FRET emission in single cells over a long time period. These experiments were designed to both monitor transcription in real time and test the association between IMAGEtag RNA levels, GAL1 promoter activation and the FRET response. To avoid the possibility that the immediacy of cell manipulation might influence the observed changes, the cells were moved directly from glucose to raffinose containing medium simultaneously with the addition of galactose. With this protocol there is a lag in GAL1 activation due to the need for the cells to first deplete their intracellular glucose stores. If IMAGEtag expression is driven by GAL1 and if the FRET emission is from IMAGEtags, then all measures of transcription from the GAL1 promoter should show the same period of lag before increasing in response to the added galactose. This result was observed and the time lags between galactose addition and FRET, IMAGEtag RNA (exogenous promoter) and galactokinase RNA (endogenous promoter) were the same (Figure 4 and Supplementary Figures S6-S7 ).
DISCUSSION
As RNA reporters that enable live-cell imaging of polymerase II activity, IMAGEtags provide several advantages over currently available RNA reporter systems of which the MS2 system and Spinach RNAs are the most prominent. In the MS2 system, target mRNA is recognized by the accumulation of fluorescent fusion proteins over the tagged mRNA (6,7) while in the Spinach system an aptamer stabilizes the structure of the GFP fluorophore to enable a fluorescent output (11) . The MS2 system has been successfully used to localize mRNAs in yeast and mammalian cells for real-time observation of gene expression and to follow an mRNA as it traffics through the cell (6,7). However, this system involves redistribution of signal within the cell with no change in signal per cell upon increased gene expression. The MS2 system also requires stable expression of the RNA-binding fluorescent fusion proteins as well as the reporter RNA, which limits its broad applicability. The requirement to express one or more proteins for MS2-based imaging also creates a metabolic burden for the cells that could have unintended impacts on cellular activities including those that might affect the transcriptional event that is monitored (22, 23) . Although technologies for imaging mRNA synthesis are likely to always have some footprint on the cell, it should be minimal. The IMAGEtags are much shorter-lived than reporter proteins and other mRNAs (Supplementary Figure S8) , which will allow them to be used to image gene expression as it declines as well as when it increases such as shown here. IMAGEtags also appear not to impose a metabolic burden on the cells or to change basal transcription as is evident from the lack of effect of IMAGEtag expression on yeast cell proliferation profiles and actin gene expression levels (Supplementary Figure S13) .
Apart from the use of an RNA-ligand combination compared with an RNA-protein reporter combination for visualizing gene expression, the other significant difference between the MS2-GFP system and IMAGEtags is that the former does not involve an increase in signal from a cell when the reporter is expressed. Instead, the MS2-GFP system relies on the redistribution of GFP signal through the cell to localize the reporter RNA. By contrast, the change in FRET signal from a cell with IMAGEtag reporters allows determination of the average number of transcriptional events per cell per time. Because the aptamers are short, the time period before a signal is observed is also short. With an estimated transcriptional elongation rate of 40 nt/s (24), a delay of about 5 s is anticipated before the IMAGEtag RNAs (∼200 nt long) would produce a FRET signal. Although this report shows that IMAGEtags can be used to detect changes in transcriptional activity per cell, these reporters are also amenable to tracking locations of individual RNAs as is accomplished with the MS2-GFP system. For this application, the IMAGEtag RNA reporter should be integrated into the genome for a point source of reporter RNA in the cell as has been done for the MS2-GFP system.
Spinach RNA is an aptamer tag that was successfully used to track ribosomal RNA (rRNA) through cells (11) . However, far more 5S rRNA is transcribed by Pol III than any mRNA product of Pol II. Thus, for imaging mRNA expression in real time the challenge is to obtain a high signal-to-noise ratio from an RNA tag. We have tested the Spinach RNA tag in the yeast system for its ability to report on the synthesis of a Pol III 5S rRNA product and an mRNA expressed from the GAL1 promoter. Although we saw no signal above background for the Pol II-driven transcription, we observed a significant signal from cells expressing the Spinach RNA under the control of the 5S promoter [ Supplementary Figures S10-S13; (11) ]. The latter result is consistent with those of the previous report (11) . As for the Spinach ligand, the IMAGEtag ligands are not toxic to the cells in the time frames of our current experiments. But, unlike Spinach, IMAGEtags utilize FRET for high signal/noise to provide high sensitivity. Light-activated molecular beacons have been reported with a FRET output and nanoflares with light activated fluorescent output, but these probes allow only transient monitoring, require transfection for their delivery and are useful to image steady-state levels of RNAs rather than transcriptional activity (25, 26) .
As for all RNA tags, IMAGEtags must be evaluated for their possible effects on RNA metabolism and cell function before they are used for tracking transcription or RNA localization. In some studies, RNA tags did not affect the steady-state levels, regulation or processing of the RNA in which they were embedded (27, 28) and in other studies the embedded tags did not affect the cell growth characteristics (28) (29) (30) (31) (32) (33) . However, some studies have shown that the position of the tag in the RNA, and/or its sequence context, altered the RNA steady-state expression level (34, 35) . Steadystate levels result from the sum of transcription, processing and degradation rates, and we are unaware of studies to determine if the reported differences in steady-state levels of RNAs containing tags, compared with no tags or tags embedded in a different position in the RNA, are due to changes in transcription rates. However, these observations of effects of the tags on steady-state RNA levels reinforce the importance of preliminary studies to establish that the embedded aptamers do not affect the molecular process under investigation or the physiology of the cells.
At least two adjacent aptamers are required to achieve a FRET signal from IMAGEtags which must each fold appropriately to bind the ligand. RNA folding and ligand affinity can vary greatly with the ionic environment and is not always accurately predicted by current folding algorithms (36) . Although we used in vitro analysis of IMAGEtag to ligand binding (Supplementary Figure S5) and predictions of RNA folding (Supplementary Figure S18) to guide us in developing the IMAGEtags, we eventually concluded that the best test of their efficacy was to determine if these RNA reporters would function in a living cell. The ability of an aptamer to participate in a string as part of an IMAGEtag does not seem to be rare. of two (tobramycin and PDC) are demonstrated here. Two others (the malachite green and neomycin aptamers) also demonstrated reporter activity, whereas theophylline aptamer strings were not found to be functional. In each case, a 4-base linker (A 4 ) separated the aptamers in the IMAGEtag. Another consideration for IMAGEtag design was how many aptamers should be present per aptamer string. A string of four or more aptamers of the same type is expected to give at least 75% of the FRET signal of perfectly alternating FRET pairs. We tested a series of lengths of aptamers (5, 10 and 14) in our preliminary trials such as shown for the tobramycin IMAGEtags (Figure 2A ). All provided a good signal with similar FRET efficiencies per cell (Supplementary Figure S15 ). The steady-state expression level of the 5XTOB IMAGEtag was the most reproducible, perhaps due to experimental variation or to a more fundamental reason such as different RNA degradation rates for the different IMAGEtag lengths.
The ligand characteristics are also an important consideration for choosing the aptamers to be included in IMAGEtag. For example, although we found that the malachite green aptamer produced a functional IMAGEtag (data not shown), all analogs of malachite green were highly toxic to yeast and mammalian cells (17) . By contrast, the tobramycin and PDC ligands used here were not toxic after 4-h incubation with the cells (Supplementary Figure S3) . Another important characteristic is the ability of the ligands to enter and leave the cells freely. The intracellular concentrations of both ligands should be similar and in the range of the dissociation constant (K d ) of the aptamers in the IMAGEtag reporter. To approximate the intracellular environment, our in vitro K d measurements were made using a buffer designed to reproduce the intracellular cation concentrations (Supplementary Figure S5 and Supplementary  Table S1 ). To account for cell permeability of different ligands such as PDC and tobramycin, the former being more permeable, we quantified the steady-state levels of fluorescence from the donors and acceptors of each type in cells incubated for at least 4 h with the respective ligands. Performance of the IMAGEtags was also tested empirically with different concentrations of extracellular ligand of each type to optimize IMAGEtag reporting.
IMAGEtags can readily be attached to any RNA and used as reporters from transiently transfected cells. Compared with the more complicated procedures required to analyze images that are created by the aggregation of fluorescent proteins on a background of the same signal, we were able to obtain statistically significant results using standard sensitized FRET and acceptor photobleaching measurements and calculations. Thus, the IMAGEtags provide a generally applicable means of studying gene expression in living cells and in real time. They also have the advantage that they do not require oxygen to generate the signal and thus can be used to track promoter activity under anaerobic conditions.
Previous comparisons of cell signal transmission and activation of gene expression have identified large variations in activity between individual cells (7, 37) . Consequently, we analyzed the variability among cells in FRET signals from the background (control RNA), constitutive promoter (ACT1) and galactose-induced GAL1 promoter under two conditions of preculture (Supplementary Figure S14) . From these studies we conclude that the relative variability in FRET of cells expressing the IMAGEtags in response to activation by galactose is mostly due to the experimental design and involved the method of preparation of the cells. In cell populations that were precultured in raffinose the variation in FRET response from GAL1 promoter IMAGEtag reporters was about the same as for the constitutive promoters and with an average of 15% coefficient of variation for all populations tested, whereas it was higher if the cells were moved directly from glucose to galactose.
CONCLUSION
The IMAGEtag method, based on a FRET signal from transcribed reporter RNAs and fluorescently modified ligands, enables live-cell imaging of polymerase II transcriptional activity in real time. Compared with the current imaging systems that rely on fluorescent proteins, these RNA reporters are a significantly lower metabolic burden for the cells that are imaged and do not accumulate in the cells. Consequently, IMAGEtags are expected to have minimal or no impact on cell behavior. The IMAGEtags system can also be expressed from plasmids in transient transfection experiments without the need to genetically modify the host cells. This system for non-invasive tracking of gene expression in real time will be especially useful for studying gene expression that changes rapidly such as during cell differentiation and in development due to external soluble factors, when cells contact others or when they encounter a change in the nature of the substratum that they are traversing.
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